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THE  EFFECT  OF  SPECIMEN  GEOMETRY 
ON  FRACTURE  TOUGHNESS  OF  HIGH-STRENGTH  SHEET  STEEL 

A  number  of  failures  of  aolid  pro pa I lan t  rocket  motor 
caaaa  hava  been  attributed  to  brittle  fracture.  Theae  cases, 
fabricated  from  aheet  a tee la  having  yield  atrengtha  greater 
than  200,000  pai,  often  failed  aa  a  result  of  brittle  fracture 
at  atreaaea  well  below  deaign  streaaea.  The  latter  usually 
were  baaed  on  the  yield  atrength  of  the  material.  The 
occurrence  of  such  failures  at  stress  levels  below  the  deaign 
atreaa  indicated  a  need  for  brittle  fracture  atudiea  of 
varioua  high-strength  sheet  steels. 

In  1959  the  American  Society  for  Testing  Materiala  or¬ 
ganised  an  ad  hoc  committee  to  study  and  recommend  test 
methods  for  evaluating  the  resistance  of  high-strength  sheet 
ateel  to  brittle  fracture.1*  The  committee  encouraged  addi¬ 
tional  investigation  of  the  test  methods  which  it  eventually 
proposed  on  the  basis  of  the  study. 

Accordingly,  it  appeared  appropriate  to  inveatigate  the 
fracture  toughness  characteristics  of  a  high-strength  aheet 
steel  by  employing  the  two  methods  which  were  suggested  by 
the  committee.  Specifically,  the  objectives  of  the  work  re¬ 
ported  herein  were  as  follows: 

(1)  To  determine  the  magnitude  of  critical  fracture 

toughness  (Kq)  for  specimens  having  various  crack- 
length  to  specimen-width  ratios  (2a0/Vf). 
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(2)  To  determine  the  magnitude  of  Kc  for  specimens 

W 

having  various  width-to-thickness  ratios  (jj). 

(3)  To  investigate  the  variation  of  Kc  for  specimens 

23- 

having  various  — ratios. 

W 

(4)  To  investigate  the  variation  of  Kc  for  specimens 

W 

having  various  ^  ratios. 

(5)  To  compare  the  relative  merits  of  the  staining 
method  and  the  fracture  toughness  method,  both 

of  which  are  used  in  the  determination  of  fracture 
toughness  values. 

The  parameter  Kc  represents  the  intensity  of  local  tensile 

stress  necessary  for  unstable  crack  propagation.  For  the 

determination  of  this  parameter,  the  use  of  either  edge- 

notched  specimens  or  centrally-notched  specimens  was,  at  one 

time,  recommended.  It  was  believed  that  these  two  types  of 

specimens  represented  a  reasonable  compromise  between  ideal 

and  practically  obtainable  conditions  for  fracture-toughness 

evaluation.^  However,  edge-notched  specimens  are  now  considered 

appropriate  for  screening  purposes  only.^  Also  recommended 

is  the  use  of  fracture-toughness  specimens  having  width-to- 

W  2a 

thickness  ratios  ^  ranging  from  16  to  45  and  ratios  rang¬ 
ing  from  0.3  to  0,4. 

In  the  present  investigation,  specimens  were  used  which 
W  2aQ 

had  -  ratios  of  12  to  47  and  -g-  ratios  of  0.1  to  0.6.  It 
should  be  noted  that  these  ratios  include  the  recommended  ratios 


shown  above 
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APPARATUS  AND  PROCEDURE 

Fracture  toughness  specimens  used  during  this  investi¬ 
gation  were  sheared  from  a  sheet  of  X-200  steel,  the  average 
thickness  of  which  was  0.080  inch.  The  sheet  was  received 
in  the  spheroidized-annealed  condition.  Specimens  were 
sheared  from  the  sheet  in  such  a  manner  that  the  longitudinal 
axis  of  each  corresponded  to  the  rolling  direction  of  the 
sheet.  The  longitudinal  edges  were  milled  to  the  dimensions 
shown  in  Figure  1.  Holes  for  the  pin-supported  specimens 
were  provided  by  drilling  to  1/64  inch  undersize  and  boring 
to  the  final  dimension.  The  remaining  machining  operation 
consisted  of  drilling  a  0.046  inch  diameter  hole  located  at 
the  geometric  center  of  the  specimen.  Eighty-four  test 
specimens,  consisting  of  42  pairs,  were  used  for  the  investi¬ 
gation  in  order  that  two  sets  of  data  could  be  obtained  for 
each  type  specimen.  A  description  of  the  test  specimens  is 
given  in  Figure  1.  This  table  indicates  that  specimen  geo¬ 
metries  reflect  seven  different  widths  and  six  different 
crack  lengths  per  specimen  width. 

A  jeweler’s  saw,  the  blade  of  which  was  0.005  inch  thick, 
was  used  to  cut  a  center  slot  (2ag)  in  each  spednen.  Center 
slots  (2as)  subsequently  were  extended  to  predetermined  lengths 
(2a0)  by  means  of  fatigue  stressing. 
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WIDTH 

W  (IN.) 

LENGTH 

(IN.) 

PIN  HOLE 
DIA.  (IN.) 

1.000 

4.000 

0.375 

2.000 

8.000 

0.750 

2.500 

10.000 

0.937 

3.000 

12.000 

1.125 

3.500 

14.000 

1.312 

4.000 

16.000 

1.500 

NOTE: 

1.  TOLERANCE  ON  ALL 
DIMENSIONS  EXCEPT 
THAT  OF  PIN  HOLES 
(SEE  NOTE  2)  ±0.001  IN. 

2.  PIN  HOLE  TOLERANCE 
+  0.0005 

-0.0000 


Figure  1.  Fracture  Toughness  Specimen 
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The  specimens  then  were  buffed  with  a  wire  wheel  in  the 
vicinity  of  the  center  slot  until  the  surface  was  comparatively 
smooth  and  bright.  Two  applications  of  layout  dye  then  were 
made  to  the  buffed  surface.  This  type  surface  was  helpful  to 
the  investigators  in  following  the  progress  of  extension  of 
the  center  slot  to  the  desired  dimension  during  the  subsequent 
fatigue  stressing. 

Each  test  specimen,  in  turn,  was  mounted  in  a  fatigue 
machine,  shown  in  Figure  2,  which  was  regulated  to  produce  a 
maximum  tensile  load  and  a  minimum  tensile  load.  These  maxi¬ 
mum  and  minimum  loads  were  of  such  magnitudes  that  the  corres¬ 
ponding  net-section  stresses  in  each  specimen  were  50%  and  15% 
respectively,  of  the  yield  strength  (0.2%  offset)  of  the 
material.  These  fatigue -cracking  data  are  shown  in  Table  1. 

A  floodlight  and  a  3X  magnifying  glass  were  used  to  follow 
the  crack  growth  to  the  length  2a0. 

At  the  conclusion  of  the  fatigue-cracking  operation,  the 
specimens  were  heat  treated  to  an  ultimate  tensile  strength 
of  approximately  300,000  psi.  The  heat  treating  operation 
was  performed  in  an  endothermic  atmosphere  having  a  dew-point 
temperature  of  25°F.  The  specimens  were  austenitized  at  1750°F 
for  30  minutes  and  then  quenched  in  oil.  Immediately  after¬ 
wards,  they  were  tempered  for  one  hour  at  500°F.  After  air 
cooling  to  room  temperature,  a  second  tempering  treatment  was 
performed  under  the  same  conditions  as  the  first.  The  specimens 
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Figure  2.  Fatigue  Machine  (Showing  Positioning  of  Fracture 
Toughness  Specimen) 
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then  were  cleaned  with  acetone  in  order  to  remove  residual 
quantities  of  oil  remaining  from  the  quenching  operation. 

No  attempt  was  made  to  effect  controlled  decarburization 
of  specimen  surfaces.  Rather,  decarburization  (as  well  as 
carburization)  was  avoided  intentionally.  Small  quantities 
of  X-200  steel  were  heat  treated  coincidentally  with  the 
test  specimens  in  order  to  provide  an  indication  of  surface 
condition.  Conclusions  regarding  surface  condition  were 
based  on  metallographic  and  hardness  determinations.  No  evi¬ 
dence  of  decarburization  was  observed  in  any  instance. 

Two  standard  tensile  specimens  were  sheared  from  the  same 
sheet  of  X-200  steel  that  was  used  for  the  fracture-toughness 
test  specimens.  The  longitudinal  axes  of  the  two  specimens 
were  oriented  in  a  direction  parallel  to  the  rolling  direction 
of  the  sheet.  The  dimensions  of  the  standard  tensile-test 
specimens  are  indicated  in  Figure  3.  These  specimens  were 
heat  treated  under  the  same  conditions  as  described  for  the 
fracture  toughness  specimens. 

A  universal  testing  machine,  shown  in  Figure  4,  was  used 
in  performing  a  stress -strain  test  on  each  of  the  standard 
tensile  specimens.  A  mechanical  extensometer  was  used  in 
the  determination  of  the  strain  values.  Stress-strain  curves 
were  plotted  for  each  standard  tensile  specimen  in  order  to 
determine  the  yield  strength  (0.2%  offset).  The  average  yield 
strength  of  the  two  standard  tensile  specimens  was  taken  as 
representative  of  this  property. 
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Figure  3.  Standard  Tensile  Specimen 
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Figure  4  Universal  Testing  Machine  (Showing  Positioning  of 
Fracture  Toughness  Specimen; 
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A  universal  testing  machine  was  used  to  determine  the  maxi¬ 
mum  tensile  load  for  each  specimen.  Fracture  toughness  has 
been  found  to  be  sensitive  to  loading  rates;  therefore,  a 
variable  load  pacer  was  used  to  maintain  a  constant  loading 
for  each  specimen.*" 

Before  specimens  were  loaded,  a  small  amount  of  red  India 
ink  was  placed  in  the  center  slot.  Specimens  were  loaded  at  a 
rate  of  3500  pounds  per  minute.  As  the  center  crack  began  to 
grow,  the  ink  flowed  into  the  crack.  Slow  crack  growth  con¬ 
tinued  until  the  onset  of  rapid  crack  propagation,  the  latter 
phenomenon  being  ultimately  responsible  for  the  failure  of  the 
specimen.  The  flow  of  ink  ceased  with  the  beginning  of  rapid 
crack  propagation.  Maximum  load  (fy)  and  room  temperature  (Tr) 
values  were  observed  in  each  instance. 

The  stained  areas  of  fractured  specimens  were  examined  at 
magnifications  up  to  60X.  The  termination  of  the  stained  area 
marked  the  extent  of  the  slow  growth  (2a).  The  leading  edge  of 
the  s low-growth  area  usually  was  curved,  as  shown  in  Figure  5. 
For  the  measurement  of  2a,  reference  was  made  to  a  line  that 
equally  divided  the  stained  area  ahead  from  the  unstained  area 
behind.*"  The  line  was  contained  in  the  fracture  surface.  The 
actual  measurement  of  2a  was  made  with  a  pair  of  vernier  cali¬ 
pers  which  could  be  read  to  0.001  inch.  A  schematic  illustra¬ 
tion  of  the  fracture  surface  used  in  the  determination  of  2a  is 
shown  in  Figure  5. 
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All  equations  shown  were  taken  from  a  report  of  a  special 
ASTM  Committee.  1 

A  value  of  Kq  was  calculated  for  each  test  specimen  by 
using  the  following  equation: 

(l>  Kcl  ■  CfM  (OclW* 

PM 

in  which  (JM  =  yg 

and  qc^  =  stress  distribution  factor. 

The  value  of  qc^  was  determined  by  using  the  following 
equations: 

(2)  qcl  =  tan  u 

(3)  in  which  u  «  *  "g  ^cl 

(4)  hence ^  =  tan'1  qcl  -  \  qcl  (^f)2 

The  tabulated  values  of  Kcl  are  shown  in  Table  2. 

It  is  apparent  that  equation  (4)  is  the  equation  for  a 
straight  line  having  a  negative  slope  of  ^  qcl  and  an  ordinate 
intercept  of  tan  1  qcl,  A  number  of  straight  lines  were  plot¬ 
ted  using  equation  (4),  which  would  include  the  range  of^rr 

Om  2  W 

and  C0yg)  values  determined  in  this  investigation.  The  values 
of  qci  were  determined  by  simply  entering  the TCS  value  and 

Om  2  W 

corresponding  value  into  the  plot  and  reading  the 

corresponding  qcl  value. 
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Another  method,  referred  to  as  the  fracture  appearance  or 
percent  shear  method,  was  also  used  In  the  evaluation  of  a 
second  set  of  Kg  values.  These  values  KC3  are  shown  in  Table 
3.  This  method  does  not  require  a  stain  to  be  used  during 
the  tensile  test.  However,  the  test  specimens  which  were  used 
in  the  determination  of  the  initial  Kc  values  also  were  used 
in  evaluating  the  second  set  of  Kc  values.  Each  fracture  sur¬ 
face  of  the  test  specimens  consisted  of  a  generally  flat 
cleavage  surface  bordered  by  a  shear  lip.  The  fracture 
appearance  method  consists  of  measuring  the  shear  lip,  as 
shown  in  Figure  5,  and  expressing  the  shear  lip  distance  as  a 
percentage  of  the  total  specimen  width.  The  shear- lip  measure¬ 
ment  was  made  at  a  distance  of  twice  the  specimen  width  from 
the  extreme  specimen  edge.  The  measurement  was  made  by  using 
a  60X  stereoscope  microscope  equipped  with  a  calibrated 
reticle  which  could  be  read  to  0.001  inch. 

The  shear  values  then  were  used  in  the  determination  of 
qC3  values  in  order  that  the  values  of  Kc  could  be  evaluated 
from  the  following  equation: 

Kc3  =  ^c3w^2 

PM 

in  which  CJM  =  wg 

and  qc3  =  stress  distribution  factor. 
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The  value  of  qcj  was  determined  by  using  the  following 
equations : 


(6)  2  tan" 


^c3 


27Ta 


’c3 


1  +  ^03 


1  = 


1  . 0 Mv2 

+  20  +  1  (C5?S)  ^c3 


which  can  be  expressed  in  the  following  form: 

°-5qc3  i  Cm  2 

c3  ‘  ,  2  '  4  qc3  'GfS' 


TTa 

~W 


°  +  C  =  tan"1  q 


1  +  9c3 


It  is  apparent  that  this  latter  form  of  equation  6  is  the 

1 

equation  of  a  straight  line  having  a  negative  slope  of  ^  q  ^ 

- 1  j 

and  an  ordinate  intercept  of  (tan  q  -  - 2  ). 

C3  1  +  9c3 

The  term  C  in  equation  6  is  an  empirical  correction  term 
based  on  the  running  crack  shear-lip  fraction  (P)  and  is  deter¬ 
mined  from  the  following  equation: 

(7)  C  =  4.7CP  -  0.43)§ 

A  number  of  straight  lines  were  plotted  using  equation  6 

TTa0  Om  ^ 

which  would  include  the  range  of  (— g-  +  C)  and  (^5)  values 
determined  during  the  investigation.  The  values  of  qcJ  were 
determined  in  a  manner  similar  to  that  employed  for  the 
determination  of  qc^  values. 

Each  P  value  was  substituted  into  equation  7  in  order  to 
determine,  ultimately,  the  value  of  the  ordinate,  y.  The 
equation  for  y  is  shown  as  follows: 

TTa„ 


y  = 


W 


♦  C 
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DISCUSSION  OF  RESULTS 


Reduction  of  Data 


The  scales  employed  in  the  graphical  representation  of 
Kc  values  are  consistent  with  the  estimated  accuracy  involved 
in  the  accumulation  of  the  corresponding  data.  Each  point  of 
the  several  graphs  reflecting  W,  for  example,  represents  six 
different  crack  lengths  (0.1  -  0.6  in.).  Since  duplicate 
specimens  were  employed,  any  particular  value  of  W  represents 
12  experimental  determinations.  Similarly,  each  point  re¬ 
flecting  crack  length  represents  the  product  of  seven  different 
values  of  W  (1  -  4  in.,  in  2  in.  increments)  and  two  (duplicate) 
specimens  or  14  experimental  determinations. 

Curve  fitting  was  effected  by  employing  the  method  of 
least  squares. 

The  data  were  expressed  in  terms  of  the  parameter  rather 
than  in  terms  of  the  parameter  Gc  because: 

1.  The  test  procedures  employed  in  the  present  study  were 
based  upon  "Fracture  Testing  of  High-Strength  Sheet 
Materials":  A  report  of  a  Special  AS1M  Committee. 

This  report  presents  the  development  of  an  experimental 
means  of  evaluating  fracture  toughness  in  terms  of  the 
parameter  K^,. 

2.  The  qc  term  of  the  K^,  equation  may  be  derived  rela¬ 
tively  simply  from  graphical  relationships  presented 
in  the  above  mentioned  report. 

3.  In  addition  to  what  has  been  said,  once  knowing  K- 
the  value  of  Gc  may  be  established  from  the  relation¬ 
ship: 
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Center-cracked  (by  fatigue)  specimens  were  employed  be¬ 
cause  of  indications  that  this  type  specimen  is  preferred  by 

2 

the  ASTM  Committee  for  the  determination  of  Kc. 

Critical  Fracture  Toughness  (KrQ  as  a  Function  of  Specimen 
Width 

The  observed  relationship  for  KC3  and  W,  shown  in  Figure 
6b,  indicates  the  former  to  be  essentially  independent  of  the 
latter  within  the  range  W  =  2.0  to  W  =  3.0.  For  values  of  W 
lying  outside  this  range,  KC3  may  or  may  not  be  independent  of 
W,  but  definitely  is  of  rather  considerably  different  magnitude. 
Within  the  range  W  =  3. 5  to  W  =  4. 0,  1^3  corresponds  to  98,000 
psi,  whereas,  within  the  ragne  W  =  1. 0  to  W  =  1. 5,  1^3  corres¬ 
ponds  to  69,500  psi.  A  comparison  of  these  latter  values  of 
Kc3  with  the  value  of  1^3  (85,000  psi)  corresponding  to  the 
range  W  =  2.0  to  W  =  3.0  indicates  a  rather  symmetrical  dis¬ 
tribution  of  KC3  (W  =  1.0  -  1.5)  and  1^3  (W  *  3.5  -  4.0)  values 
about  that  of  KC3  (W  =  2.0  -  3.0). 

Significantly,  perhaps,  the  lowest  values  of  Kc5  fall 

either  outside  or  just  inside  the  lower  end  of  the  recommended 
W 

jj  range.  Similarly,  the  highest  values  of  Kc3  fall  either 

W 

outside  or  just  inside  the  higher  end  of  the  recommended  g 
range.  Reasons  for  the  two  types  of  behavior  have  been  ad¬ 
vanced  elsewhere.^-  With  reference  to  the  value  W  =  4,0 
W  W 

(•r  =  50),  the  —  ratio  beyond  this  value  at  which  the  corres- 
n  B 

ponding  KcJ  value  would  undergo  a  marked  decrease  in  magnitude 


SPECIMEN  WIDTH  TO  THICKNESS  RATIO 
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Figure  6a.  Critical  Fracture  Toughness  (Kcl)  as  a  Function  of 
Specimen  Width  (W) 
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Figure  6b.  Critical  Fracture  Toughness  (Kcj)  as  a  Function  of 
Specimen  Width  (W) 
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is,  on  the  basis  of  this  work,  speculative.  However,  the 
tenet  that  this  would  occur  is  supported  by  theoretical  con¬ 
siderations  if  not  by  experimental  evidence.^- 


Critical  Fracture  Toughness  (KrO  as  a  Function  of  the  Initial 
Crack-Length-To -Spec imen-Width  Ratio 

2ac 

The  observed  relationship  for  Kc3  and  -y,  shown  in 

Figure  7b,  suggests  that  the  former  is  independent  of  the 

2a„ 


latter  within  the  range 


W 


=  0.1  -  0.5.  Furthermore,  there 


is  no  apparent  reason  to  distinguish  between  the  reliability 


2a, 


of 


2a 


TP  values  lying  within  the  recommended  range  ——2  =  0.3  - 
w  w 


0.4  and  those  lying  below  this  range.  The  same  statement  may 

2a0 

be  made  with  respect  to  — rp  values  lying  above  this  range,  with 

2ao 

the  exception  of  the  single  value  of  =  0.6.  The  magnitude 
of  the  corresponding  Kc3  coordinate,  as  this  is  reflected  in 
its  displacement  relative  to  the  other  Kc5  values,  is  attri¬ 
buted  to  the  effect  of  the  relatively  severe  restriction 

placed  upon  the  zone  available  for  plastic  deformation  by  the 

2ao 

existence  of  the  high  — y  ratio.  The  inability  of  such  a 
restricted  zone  to  permit  an  efficient  redistribution  of 
stresses  and,  hence,  reduction  of  stress  intensification  via 
plastic  strain  is  associated  with  a  decrease  in  the  values 
of  (JM  and  (qc3)^  which,  in  turn,  reflect  a  decrease  in  Kc5. 

The  relationship  between  these  quantities  (shown  earlier)  is 
given  by  the  general  equation: 


Cc3  ^qc3W^ 


130 
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Staining  Method  Compared  to  Fracture -Appearance  Method  for  the 
Determination  of  Critical  Fracture  Toughness. 

Values  of  Kc^  were  observed  to  be  rather  appreciably 
different  from  values  as  shown  in  Figures  6a,  6b,  7a,  and 
7b.  The  Kc^  values  consistently  were  of  larger  magnitude  than 
the  KC3  values  and  did  not  reflect  an  obvious  independence  of 
specimen  geometry.  This  latter  fact  is  attributed  generally 
to  the  susceptibility  of  the  staining  method  to  human  error 
in  the  processes  of  employing  the  technique,  making  the  necessary 
measurements,  and  interpreting  the  results.  Specifically, 
factors  such  as  quantity  of  staining  fluid  introduced,  its 
viscosity  and  ability  to  wet  the  particular  surface,  and, 
particularly,  stain  spatter  may  singly  or  collectively  de¬ 
tract  from  the  ability  to  determine  representative  results  or 
to  obtain  suitable  reproducibility.  On  the  other  hand,  the 
determination  of  KC3  values  is  a  relatively  straight-forward 
process  consisting  mainly  of  simple,  readily  reproducible 
measurements. 

With  respect  to  the  fact  that  the  staining  method  was 
associated  with  Kg  values  of  larger  magnitude  than  were  ob¬ 
tained  by  the  fracture-appearance  method,  it  appeared  likely 
that  this  phenomenon  resulted  from  the  existence  of  apparent 
stained  regions,  which  in  reality,  were  actually  of  smaller 
dimensions  than  they  appeared  to  be.  It  was  reasoned  that 
upon  fracture  of  the  specimen,  the  separated  components, 
particularly  the  lower  one,  tended  to  rotate  in  a  vertical 
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plane  about  their  respective  pin  supports,  thus  causing  ex¬ 
cessive  flow  of  stain  in  the  direction  opposite  that  of 
rotation.  In  order  to  minimize  this  effect,  the  practice  of 
taping  specimens  to  the  grips  was  adopted. 

The  ratio  of  versus  W  values,  shown  in  Figure  8, 

^ao 

indicate  the  degree  of  scatter  of  slow-crack  growth  associ- 

ated  with  the  staining  method.  The  average  -= —  value  (not 

shown)  is  1.8  and,  in  fact,  does  not  differ  appreciable  from 

the  value  of  1.6  reported  by  Kies,  et  al.,  to  be  commensurate 

with  Pi  20. 3  On  the  other  hand,  it  is  apparent  that  the 

2*L.  values  range  from  a  high  greater  than  3  to  a  low  less 
2a0 

than  1.5.  Furthermore,  approximately  90  per  cent  of  the 
2a 

ratios  are  distributed,  collectively,  so  as  to  be  above 

or  below  the  value  of  1.6.  This  degree  of  scatter  further 

supports  the  belief  that  the  fracture -appearance  method  may 

be  relatively  more  reliable  than  the  staining  method. 

The  parameter  Kc^  was  determined  for  a  separate  group  of 

2a 

five  specimens  having  the  same  geometry.  The  values  ranged 

from  1.90  -  2.02  and  reflected  a  maximum  difference  of  6.3  per 

cent.  This  difference  generally  was  less  than  that  observed 

for  the  bulk  of  values  and  was  attributed  to  the  use  of 

constant  specimen  geometry.  The  reason  the  average  value  of 

■= —  was  higher  than  that  observed  for  the  group  of  84  specimens 
2®0 

was  not  apparent. 


RATIO  OF  SLOW  CRACK  LENGTH 


14a 
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Figure  8.  Ratio  of  Slow-Crack  Length  to  Initial-Slot-Length 
(2a/2a0)  as  a  Function  of  Specimen  Width  (W) 
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Comparison  of  Fracture  Toughness  Data  with  Published  Data 

A  comparison  of  fracture  toughness  data  obtained  in  this 
instance  with  data  obtained  elsewhere  involves  what  appear  to 
be  both  similarities  and  dissimilarities.  Warga  has  indicated 
for  X-200  steel  of  thickness  0.080  in.,  yield  strength  235,000 
psi,  and  net  section  stress  69,000  to  94,000  psi,  a  correspond- 

4 

ing  range  of  Gc  (staining  method)  values  from  126  to  232. 
Specimen  type  (center-notch;  notch-to-width  ratio  0.4)  and 
dimensions  (3  in.  width,  12  in.  length)  were  included  in  the 
range  of  specimens  employed  here.  The  present  work  includes 
data  obtained  for  the  same  material  of  somewhat  different  yield 
strength  (241,000  psi)  and  net  section  stress  (134,000  psi), 
the  average  Gc  value  of  which  is  331.  That  such  data  do  not 
lend  themselves  to  direct  comparison  is  indicated  by  consider¬ 
ing  that  the  0’avg<fl/0’yS  rePorted  by  Warga  is  0.35  as  opposed 
to  0.55  (W  =  3.0;  average  2aQ  *  0.4W)  obtained  here.  On  the 
other  hand,  the  corresponding  average  Gc  values  are  179  as 
opposed  to  331.  Since  an  increase  in  the  net  section  stress 
is  associated  with  an  increase  in  the  fracture  energy,  Gc, 
the  results  would  appear  to  be  qualitatively  in  line,  but  re¬ 
sist  direct  comparison. 

Warga  has  pointed  out  that  a  reasonable  appraisal  can  be 
made  of  the  limiting  value  of  Gc  (and  Kj,)  and  the  corresponding 
strength  level  at  which  any  particular  high-strength  steel 
would  be  suitable  for  use,  provided  certain  assumptions  are 
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made.  He  has  shown,  also,  fracture  toughness  data  expressed 

0\j 

in  terms  of  a  common  denominator,  ;  this  ratio  constitu- 

ing  the  basis  of  his  contention.^  Only  by  using  this  or  a 

similar  approach,  then,  is  it  possible  to  effect  a  satisfactory 

comparison  of  fracture  toughness  data. 

Warga  has  indicated  the  limiting  value  for  X-200  steel,  at 

4 

a  yield  strength  of  195,000  psi,  to  be  in  excess  of  1000. 

Omer  and  Hartbower  have  reported,  for  0.080  in.  X-200 
steel,  tempered  at  700,  950  and  1050°F,  Gc  values  of  176,  298 

5 

and  1195,  respectively. 

Basis  for  Evaluating  Fracture  Toughness  Data 

Kies,  et  al. ,  have  suggested  the  use  of  minimum  Kc  and 

Gc  values,  with  allowances  for  slow  crack  growth,  based  upon 

somewhat  arbitrary  assumptions.  Thus,  for  (Jvc  of  240,000  psi, 

Yo 

i  4 

Kcmin  =  76^,000  x  (B)*.  On  this  basis,  Kj.  values  determined 

in  the  instance  of  the  present  work  should  approximate  214,000 

psi.  However,  the  largest  single  value  of  Kc  actually  observed 

was  169,200  psi.  A  similar  consideration  was  made  by  Kies, 

et  al. ,  concerning  °cm£n»  that  is,  for  O^g  of  240,000  psi, 

®cmin  s  19,300  x  B  -  1545. 3  The  largest  single  value  of  Gc 

observed  in  the  instance  of  the  present  work  was  797. 

The  value  of  CJN  in  the  present  work  was,  in  every  instance, 

of  lesser  magnitude  than  Oyg  241,000  psi;  hence,  the  ratio 
O’  n 

of  was  always  less  than  unity.  In  view  of  these  facts  and 
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provided  Warga's  concept  of  unit  ratio  is,  in  reality,  consistent 

with  limiting  conditions  for  satisfactory  performance,  the 

value  of  for  X-200  steel  is  46,000  psi  higher  than  should 

be  employed  in  practice.  The  average  Gc  value  (for  crack-to- 

width  ratios  of  0.3  -  0.4)  of  398,  compared  to  reported  values 

Om 

of  Gc  =  1000  at  —  —  1,0. 

With  regard  to  what  has  been  said  above,  attention  should 
be  directed  to  the  fact  that  the  principal  objective  of  the 
present  work  was  concerned  with  the  effect  of  specimen  geometry 
on  critical  fracture  toughness.  As  such,  the  level  of  yield 
strength  actually  employed  was  incidental,  so  long  as  the  strength- 
to-density  ratio  of  the  material  employed  was  700,000  psi/lb/in5 
minimum. 

Despite  the  stated  purpose  of  the  present  work,  it  is 
interesting  to  note  that  Manning  has  indicated  H-ll  and  AISI 
4340  may  react  differently  when  evaluated  in  terms  of  two  dif¬ 
ferent  specimen  geometries.  This  indicates  that  superior  load 
carrying  ability  is  not  a  unique  characteristic  of  either,  but 
reflects  "subtle  differences"  in  the  behavior  of  steels  subjected 

to  equal  stress  concentration,  that  is,  having  identical  speci- 
6 

men  geometry. 

It  would  appear  reasonable,  in  line  with  Manning's  con¬ 
tention,  that  any  attempt  to  assign  an  order  of  merit  to  high- 
strength  steels  should  include  a  consideration  of  the  effects 
of  stress  concentration. 
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Oil  Versus  Air  Quenching  of  Test  Specimens 

Some  consideration  was  given  to  whether  oil  or  air  quench¬ 
ing  should  be  employed.  Cursory  tests,  limited  to  hardness 
determinations  on  continuously  cooled  specimens  and  specimens 
cooled  at  discontinuous  rates,  failed  to  indicate  any  basis 
for  favoring  either  oil  or  air  as  the  quenching  medium.  In 
addition,  the  literature  was  not  helpful  in  this  regard.  Oil 
quenching  finally  was  chosen  on  the  tenet  that  if  a  difference 
in  response  to  hardening  might  exist,  the  use  of  oil  would 
maximize  the  probability  of  developing  a  fully  martensitic 
structure. 

With  respect  to  the  above,  it  is  possible  that  effects 
attendent  upon  either  method  of  quenching  might  be  reflected 
in  associated  fracture  toughness  parameters,  with  greater 
thermal  stresses  on  the  one  hand  and  grain -boundary  precipitation 
on  the  other.  Larson  has  reported  the  existence  of  a  grain¬ 
boundary  film  in  air-quenched  H-ll  steel  and  no  indication  of 
this  condition  in  the  water-quenched  structure.  Because  of 

this,  a  further  study  of  the  effects  of  the  two  quenchants  on 

7 

the  fracture  toughness  of  H-ll  apparently  is  warrented. 
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CONCLUSIONS 

W 

1.  The  range  of  —  values  extending  from  16  to  45  would  appear 

B 

to  be  somewhat  broader  than  is  consistent  with  the  attain¬ 
ment  of  uniform  values  of  Kc3.  This  possibility  is  sup¬ 
ported  by  the  observed  41  per  cent  difference  in  the  ex¬ 
tremes  of  the  Kq  values  corresponding  to  the  range  recom¬ 
mended  by  the  ASTM  Committee. 

2.  The  parameter  appears  to  be  independent  of  specimen 

^ao 

geometry  within  a  somewhat  broader  range  of  — tt-  values 
(0.1  -  0.5)  than  is  recommended  by  the  ASTM  Committee. 

3.  The  parameter  was  not  obviously  independent  of  speci- 
ment  geometry.  Whether  the  reason  advanced  to  account 
for  the  generalLy  observed  relationship  Kcl>Kc3  is  valid, 
it  is  concluded  on  the  basis  of  this  work  that  1^3  values 
represent  a  more  conservative  evaluation  of  critical 
fracture  toughness  than  do  Kci  values.  Furthermore,  the 
parameter  Kc3  would  appear  to  be  quantitatively  more  re¬ 
liable  than  the  Kc^  parameter.  This  is  indicated  because 
of  the  simplicity  and  accuracy  involved  in  the  determina¬ 
tion  of  Kcj. 
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TERMINOLOGY 
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THE  EFFECT  OF  TEMPERING  TEMPERATURE,  GRAIN  SIZE, 

AND  TEST  TEMPERATURE  ON  FRACTURE  TOUGHNESS 
OF  HIGH-STRENGTH  SHEET  STEEL. 

This  investigation  represents  a  continuation  of  a  study 
pertaining  to  the  effects  of  specimen  geometry  on  fracture 
toughness  characteristics  of  high-strength  sheet  steel. ^ 
Specifically,  the  objectives  were  to  determine  the  effects 
of  tempering  temperature,  grain  size,  and  test  temperature 
on  the  critical  fracture  toughness  (Kc)  of  two  high-strength 
sheet  steels.  The  study  proposed  to: 

Cl)  Determine  the  magnitude  of  Kc  for  specimens, 
having  constant  widths  (W)  and  constant  crack 
lengths  (2ac),  tested  at  temperatures  above 
and  below  room  temperature. 

(2)  Determine  the  magnitude  of  Kc  for  specimens, 
having  constant  W  and  2a0  values,  tempered  at 
different  temperatures. 

(3)  Determine  the  magnitude  of  Kc  for  specimens, 
having  constant  W  and  2a0  values  and  different 
ferrite  grain  sizes. 

(4)  Investigate  the  variation  of  Kc  for  specimens, 
having  constant  W  and  2a0  values,  tested  at 
temperatures  above  and  below  room  temperature. 

(5)  Investigate  the  variation  of  Kc  for  specimens, 
having  constant  W  and  2aQ  values,  tempered  at 
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different  temperatures. 

(6)  Investigate  the  variation  of  Kc  for  specimens 

having  constant  W  and  2a  values  and  different 

o 

ferrite  grain  sizes. 

Each  of  the  above  six  investigations  was  made  for  two 
types  of  high-strength  sheet  steel.  Centrally-notched 
specimens  were  used  for  the  investigations. 

Apparatus  and  Procedure 

All  specimens  used  for  this  investigation  were  sheared 
from  sheets  of  H-ll  and  X-200  steel.  The  average  thickness 
of  the  sheets  was  0.080  inch,  and  they  were  received  in  the 
shero id ized- annealed  condition.  The  specimens  used  for  these 
tests  were  referred  to  as  Group  1,  Group  2,  and  Group  3, 
respectively,  for  H-ll  steel  and  Group  1,  Group  2,  and  Group 
3,  respectively,  for  X-200  steel. 

The  longitudinal  axis  of  each  fracture  toughness  speci¬ 
men  corresponded  to  the  rolling  direction  of  the  sheet.  The 
dimensions  of  the  specimen  are  shown  in  Figure  1.  Holes  for 
the  pin-supported  specimens  were  provided  by  drilling  to  1/64 
inch  undersize  and  boring  to  the  final  dimension.  The  remain¬ 
ing  machining  operation  consisted  of  drilling  a  0.046  inch 
diameter  hole  located  at  the  geometric  center  of  the  specimen. 

A  jeweler’s  saw,  the  blade  of  which  was  0.005  inch  thick, 
was  used  to  cut  a  center  slot  (2afl)  in  each  specimen.  Center 
slots  subsequently  were  extended  to  predetermined  lengths 
(2aQ)  by  means  of  fatigue  stressing. 
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Each  specimen,  in  turn,  was  mounted  in  a  fatigue  machine 
shown  in  Figure  2,  which  was  regulated  to  produce  a  maximum 
tensile  load  and  a  minimum  tensile  load.  Maximum  and  minimum 
loads  were  of  such  magnitudes  that  the  corresponding  net- 
section  stresses  in  each  specimen  were  50%  and  15%,  respec¬ 
tively,  of  the  yield  strength  CO. 2%  offset)  of  the  material. 

A  floodlight  and  a  3X  magnifying  glass  were  used  to  follow 
the  crack  growth  to  the  length  2aQ.  In  this  manner,  the 
fatigue  loads  and  number  of  cycles  required  to  produce  the 
predetermined  initial-crack  length  (2aQ)  were  determined  for 
a  limited  number  of  specimens.  These  data  permitted  fatigue 
cracking  of  the  remainder  of  the  specimens  simply  by  employ¬ 
ing  loads  and  numbers  of  cycles  known  to  produce  cracks  of 
desired  lengths.  Fatigue  data  are  shown  in  Table  1. 

At  the  conclusion  of  the  fatigue-cracking  operation, 

Group  1  (H-ll)  specimens  were  heat  treated  to  an  ultimate 
tensile  strength  (room  temperature)  of  approximately  230,000 
pai.  Eighteen  specimens  were  used  since  there  were  nine  test 
temperatures  and  duplicate  specimens  for  each  temperature. 

Heat  treatment  was  conducted  in  an  endothermic  atmosphere 
having  a  dew-point  temperature  of  45°f.  The  specimens  were 
austenitized  at  1850°F  for  30  minutes  and  then  air  cooled. 
Immediately  afterward  they  were  tempered  for  two  hours  at  975°F. 
After  air  cooling  to  room  temperature,  a  second  tempering 
treatment  was  conducted  under  the  same  conditions  as  the  first. 
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Figure  2.  Fatigue  Machine  (Showing  Positioning  of  Fracture 
Toughness  Specimen) 
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No  attempt  was  made  to  effect  controlled  decarburization 
of  specimen  surfaces.  Rather,  decarburization  (as  well  as 
carburization)  was  avoided  intentionally.  Small  quantities 
of  H-ll  steel  were  heat  treated  along  with  the  test  specimens 
in  order  to  provide  an  indication  of  surface  condition. 
Conclusions  regarding  surface  condition  were  based  on  metal- 
lographic  and  hardness  determinations.  No  evidence  of  de¬ 
carburization  was  observed  in  any  instance. 

Eighteen  standard  tensile  specimens  were  sheared  from  the 
same  sheet  of  H-ll  steel  that  was  used  for  the  corresponding 
fracture  toughness  test  specimens.  The  longitudinal  axis  of 
each  specimen  was  oriented  in  a  direction  parallel  to  the 
rolling  direction  of  the  sheet.  The  dimensions  of  the  stand¬ 
ard  tensile-test  specimen  are  indicated  in  Figure  3.  These 
specimens  were  heat  treated  in  the  manner  described  for  the 
fracture  toughness  specimens. 

A  universal  testing  machine,  shown  in  Figure  4,  was  used 
to  obtain  the  stress-strain  data  test  for  each  of  the  standard 
tensile  specimens.  Type  A-3,  SR-4  strain  gages  were  used  to 
determine  the  strain  values.  In  the  first  instance,  one  gage 
was  mounted  on  each  side  of  two  of  the  standard  tensile  speci¬ 
mens.  Two  gages  per  specimen  were  used  in  order  that  one  set 
of  gage  readings  could  be  used  to  serve  as  a  check  on  the  other, 
However,  it  was  found  that  the  strain  values  for  the  gage  one 
side  of  the  specimen  corresponded  so  closely  with  those  for 
the  gage  on  the  opposite  side  of  the  specimen  that  only  one 
gage  was  used  for  each  of  the  remaining  specimens. 
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Figure  4.  Universal  Testing  Machine  (Showing  Positioning  of  Fracture 
Toughness  Specimen) 
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One  standard  tensile  specimen  was  provided  for  each 
fracture  toughness  specimen.  As  was  the  case  for  the  fracture 
toughness  specimens,  there  were  duplicate  standard  tensile 
specimens  for  each  of  the  nine  test  temperatures.  These 
temperatures  were  300,  150,  100,  50,  0,  -50,  -100,  -150,  and 
-200°F.  The  furnace  used  to  maintain  the  above-room  test 
temperatures  is  shown  in  Figure  5.  A  specially  constructed 
cryostatic  shown  in  Figure  6,  was  used  in  maintaining  the 
below-room  test  temperatures. 

A  stress-strain  curve  was  plotted  for  each  standard 
tensile  specimen  in  order  to  determine  the  yield  strength 
(0.2%  offset). 

The  universal  testing  machine  also  was  used  to  determine 

the  maximum  tensile  load  for  each  fracture  toughness  specimen. 

However,  since  fracture  toughness  has  been  observed  to  be 

sensitive  to  loading  rates,  a  variable  load  pacer  was  used  to 

maintain  a  constant  loading  rate  of  3500  lb/min  for  each 
3 

specimen. 

After  testing  the  fracture  toughness  specimens,  the 
fracture -appearance  or  per  cent  shear  method  was  used  to 
determine  Kc3  values  (Table  2).  The  fracture  appearance 
method  consists  of  measuring  the  shear  lip,  as  shown  in 
Figure  7,  and  expressing  the  shear-lip  distance  as  a  per¬ 
centage  of  the  total  specimen  width.  The  shear- lip  measure- 
was  made  at  a  distance  of  twice  the  specimen  width  (2B)  from 
the  extreme  specimen  edge.  The  measurement  was  made  by  using 


Figure  5.  Furnace ,  In  Position  on  Universal 
Testing  Machine 
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Figure  6.  Cryostat,  In  Position  on  Universal 
Testing  Machine 
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a  60X  stereoscopic  microscope  equipped  with  a  calibrated 
reticle  which  could  be  read  to  0.001  inch.  Each  fracture 
surface  of  the  fracture  toughness  specimens  consisted  of  a 
generally  flat  cleavage  surface  bordered  by  a  shear  lip. 

The  shear  values  then  were  used  in  the  determination  of 
qc3  values  in  order  to  arrive  at  KcJ  from  the  following  equa¬ 
tion: 


(l)  KC3  *  CrM(qc3W) 


in  which  (J  =  — 
M  vffi 


and  qc3  =  stress  distribution  factor. 

The  value  of  qc3  was  determined  by  using  the  following 
equations: 


(2)  2  tan’1  q 


**c3  2TT.o 


c3  uq  2 


’c3 


W 


♦  2C  ♦  i 


'c3 


which  csn  be  expressed  in  the  following  form: 


TTa  .  0.5q 

o  _  _  -1  c3 

-  ♦  C  *  tsn  q  -  - -  -  4q  . 

W  hc3  2  ™c3 


i*q 


c3 


CTJ2 
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It  is  apparent  that  this  latter  form  ot  equation  (2)  is  the 


equation  of  a  straight  line  having  a  negative  slope  of  iq  3 

-1  0.5q  3 

and  an  ordinate  intercept  of  (tan  q  - - =  ) 

c3  * 

1+<lc3 


The  term  "C"  in  equation  (2)  is  an  empirical  correction 
term  based  on  the  running  crack  shear- lip  fraction  "P"  and  is 
determined  from  the  following  equation: 

(3)  C  =  4.7  (P  -  0.43)  B/W 

Each  "P"  (per  cent  shear)  value  was  substituted  into 
equation  (3)  in  order  to  determine,  ultimately,  the  value  of 
the  ordinate  "y".  The  equation  for  "y"  is  shown  as  follows: 

TTa0 

y  *  ♦  c. 

A  number  of  straight  lines  were  plotted  using  equation  (2) 
which  included  the  range  of  j^f?  +  cj  and  values 

determined  during  the  investigation.  The  values  of  qc3  were 
determined  by  entering  the  [— T?i?  +  C  1  value  and  corresponding 

[or  l  w  j 

1  value  into  the  q  _  plot^  (not  shown)  and  reading  the 

°VsJ  , 

corresponding  qc3  value. 

The  qcj  values  then  were  indirectly  used  in  the  deter¬ 
mination  of  alow-grovth  (2a)  values.  Due  to  the  fact  that 
the  fracture  toughness  value  for  a  given  material  is  independ¬ 
ent  of  the  method  of  determination,  q  =  q  Therefore, 

C  L  C  j 

substituting  the  value  of  qc^  for  qc3  and  using  the  correspond¬ 
ing  value,  a  value  was  determined  from  the  qc^  plot* 
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(not  shown).  Using  the  value,  a  corresponding  2a  value 
was  achieved  without  the  actual  application  of  a  stain.  The 
2a  value  was  used  in  the  determination  of  the  net-fracture 
stress  ( (JN). 

The  next  group  of  H-ll  fracture  toughness  specimens  was 

tested  at  essentially-constant  room  temperature.  The  eighteen 

specimens  comprising  this  group  (Group  2)  consisted  of  nine 

pairs  of  duplicate  specimens.  These  specimens,  which  had  been 

previously  fatigue-cracked,  were  austenitized  at  1850°F  for 

30  minutes  and  then  air  cooled.  Heat  treatment  was  conducted 

in  an  endothermic  atmosphere  having  a  dew  point  temperature  of 
o 

45  p.  Immediately  after  cooling  from  the  austenitizing  temper¬ 
ature,  one  pair  of  the  specimens  was  tempered  for  two  hours  at 
400°F.  After  air  cooling  to  room  temperature,  this  pair  of 
specimens  was  given  a  second  tempering  treatment  under  the 
same  conditions  as  the  first. 

Duplicate  standard  tensile-test  specimens  were  heat  treated 
in  the  manner  described  for  the  fracture-toughness  specimens. 

A  second  pair  of  Group  2  (H-ll)  fracture  toughness  specimens 
and  standard  tensile-test  specimens  were  heat  treated  as  before 
except  that  the  tempering  temperature  was  increased  to  500°F. 

The  remaining  Group  2  (H-ll)  fracture  toughness  specimens 
and  standard  tensile-test  specimens  were  heat  treated  in  the 
manner  outlined  above  except  that  the  tempering  temperature 
was  increased  in  100°F  increments  for  each  successive  pair. 

This  procedure  was  continued  until  the  last  specimens  had  been 
tempered  at  1200°F. 
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The  tensile-testing  procedure  used  for  Group  1  (H-Ll) 
fracture  toughness  specimens  was  employed  for  Group  2  (H-ll) 
fracture  toughness  specimens.  The  KcJ  values  also  were 
calculated  in  the  same  manner. 

The  yield  strength  values  of  the  standard  tensile-test 
specimens  were  determined  as  before. 

Group  3  (H-ll)  consisted  of  nineteen  fracture  toughness 
specimens.  These  specimens  were  austenitized  at  2050°F 
instead  of  1850°F  as  was  employed  for  Groups  1  and  2  (H-ll) 
specimens.  The  austenitizing  temperature  was  increased  for 
Group  3  (H-ll)  specimens  in  order  to  coarsen  the  grain  size. 
The  grain  size  of  Group  1  (H-ll)  specimens  was  ASTM  No.  8 
The  grain  size  of  Group  3  (H-ll)  specimens  was  ASTM  No.  6-7 

Two  Group  3  (H-ll)  fracture  toughness  specimens  were 
tested  at  each  of  the  following  temperatures:  200,  150,  100, 
50,  0,  -50,  -100,  -150,  and  -200°F.  A  single  fracture  tough¬ 
ness  specimen  was  tested  at  -300°F  since  some  difficulty  was 
encountered  in  maintaining  this  temperature. 

The  procedure  employed  previously  was  used  for  the  deter 
mination  of  Kc3  values. 

A  standard  tensile-test  specimen  was  provided  for,  and 
heat  treated  with,  19  Group  3  (H-ll)  fracture  toughness  spec¬ 
imens.  The  test  temperatures  used  for  the  standard  tensile- 
test  specimens  were  the  same  as  those  used  for  the  correspond 
ing  fracture  toughness  specimens.  The  yield  strengths  of  the 
standard  tensile-test  specimens  were  determined  as  before. 
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At  the  conclusion  of  testing  of  the  H-ll  fracture  tough¬ 
ness  and  standard  tensile-test  specimens,  a  similar  testing 
program  was  followed  for  X-200  fracture  toughness  specimens 
and  standard  tensile-test  specimens.  The  heat  treating 
procedures  for  Groups  1,  2,  and  3  of  X-200  steel  corresponded 
to  the  procedures  used  for  Groups  1,  2,  and  3,  respectively, 
of  the  H-ll  steel. 

Heat-treating  and  test  temperatures  for  specimens  of  X-200 
steel  were  as  follows: 

Group  1:  Austenitizing  temperature:  1750°F 
Tempering  temperature:  800°F 
Test  temperatures:  150,  100,  75,  25,  0, 

-25,  -50,  -75,  -100,  and  -150°F 
Group  2:  Austenitizing  temperature:  1750°F 

Tempering  temperatures:  400,  500,  600,  700, 

800,  900,  1000,  1100,  1200,  and  1300°F 
Test  temperature:  Approximately  82°F 
Group  3:  Austenitizing  temperature:  1950°F 
Tempering  temperature:  800°F 
Test  Temperatures:  150,  100,  50,  25,  0, 

-25,  -20,  -75,  -100,  and  -150°F 
The  grain  size  of  Group  1  (X-200)  specimens  was  ASTM  No. 7-8 
The  grain  size  of  Group  3  (X-200)  specimens  was  ASTM  No.  6-7 
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DISCUSSION  OF  RESULTS 

Reduction  of  Data 

The  scales  employed  in  the  graphical  representation  of 
Kcj  values  are  consistent  with  the  estimated  accuracy  involved 
in  the  accumulation  of  corresponding  data.  Each  point  plotted, 
on  any  particular  graph,  represents  a  single  determination. 

The  fracture-appearance  method  of  evaluating  Kc5  was 
employed  because: 

1.  Previous  experience  has  indicated  the  fracture- 
appearance  method  to  be  relatively  more  reliable 
than  the  staining  method.* 

2.  The  staining  method  does  not  lend  itself  to  the 

determination  of  fracture-appearance  translation 

2 

temperature  (FATT). 

Heat  Treatment 

Specimens  of  X-200  and  H-ll  steels  were  air  cooled  rather 
than  oil  quenched  from  their  respective  austenitizing  temper¬ 
atures  in  order  to  minimize  any  tendency  toward  distortion  and 
to  simplify  the  hardening  procedure.  Specimens  were  held  in  a 
fixture  (Figure  8)  during  austenitizing  and  clamped  during 
tempering.  These  procedures  were  effective  in  minimizing 
distortion. 

Ductile-Brittle  Criterion 

The  net-fracture  stress  curve  (Figure  25)  for  H-ll  inter¬ 
sects  the  yield -strength  curve  at  (JN  *  1.0.  The  point  of 

intersection  corresponds  to  a  tempering  temperature  of  975°F, 


Figure  8.  Specimen  Meet -Treating  Fixture 
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this  temperature  being  the  actual  temperature  employed. 
Similarly,  with  respect  to  X-200  (Figure  14)  the  ratio 
Ojj  ^JyS  =  1*0  occurs  at  a  tempering  temperature  of  900°F 
which  is  100°F  above  the  tempering  temperature  employed.  On 
this  basis  H-ll,  in  the  condition  employed,  was  notch  ductile; 
whereas,  X-200,  in  the  condition  employed,  was  something  less 
than  notch  ductile. 

Critical  Fracture  Toughness  as  a  Function  of  Ferrite  Grain  Size 

A  well  defined  fracture -appearance  transition  temperature 
(FATT)  generally  was  not  observed  for  either  H-ll  or  X-200 
specimens.  This  fact  is  attributed  to:  (a)  the  high  yield- 
strength  level  (190,000  psi  and  205,000  psi,  respectively,  at 
room  temperature)  in  which  condition  each  steel  was  evaluated, 
and  (b)  the  use  of  test  temperatures  which  generally  were  below 
the  limit  required  for  transition  from  P<100  per  cent  to 
P  =  100  per  cent.  Similar  behavior  has  been  reported  else¬ 
where  . 3 

The  FATT  for  Group  1  (H-ll)  specimens,  austenitized  and 
tempered  at  recommended4*  temperatures  of  1850  and  975°F, 
respectively,  was  observed  to  be  150°F  (Figure  20).  However, 
the  use  of  Group  3  (H-ll)  specimens  austenitized  at  a  temper¬ 
ature  (2050°F)  200°F  higher  than  recommended,  and  tempered  at 
the  same  tempering  temperature,  resulted  in  a  maximum  P  *  55 
per  cent  at  a  test  temperature  of  200°F;  hence,  no  FATT  was 
observed.  The  difference  in  behavior  is  attributed  to  the 
coarser  grain  size  and  the  resulting  decrease  in  toughness. 
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With  respect  to  X-200  specimens,  no  FATT  was  observed 

4 

(Figures  9-12  and  15-18).  The  combination  of  recommended 
austenitizing  temperature  (1750°F)  and  relatively  low  temper¬ 
ing  temperatures  (800°F)  was  consistent  with  a  maximum  value 
of  P  =  36  per  cent.  The  combination  of  higher  than  recommended 
austenitizing  temperature  and  relatively  low  tempering  temper¬ 
ature  for  Group  3  specimens  was  consistent  with  a  maximum  value 
of  P  =  28  per  cent. 

The  effect  of  the  relatively  low  tempering  temperature 
alone  was  to  raise  FATT,  for  which  P  =  100  per  cent,  above 
that  of  the  highest  test  temperature.  The  FATT  apparently  was 
further  raised  by  incorporating  the  factor  of  coarse  grain 
size  with  that  of  relatively  low  tempering  temperature  since, 
by  so  doing,  the  value  of  P  was  reduced  from  36  to  28  per  cent. 
The  increase  in  transition  temperature  accompanying  increase 
in  grain  size  has  been  reported  elsewhere.^ 

Critical  Fracture  Toughness .  Fracture  Appearance ,  Net-Fracture 
Stress,  and  Ratio  of  Net -Fracture  Stress  -  To  -  Yield  Strength 
as  a  Function  of  Test  Temperature 

The  geometries  of  curves  showing  KcJ,  P,  (JN,  and <JN 
as  a  function  of  test  temperature  (Figures  9-12,  15-18,  19-22, 
and  25-28)  were  quite  similar.  Curves  generally  displayed  an 
unexplained  hump  to  the  vicinity  of  the  low- temperature  end  of 
the  temperature  range.  Although  the  equations  for  the  curves 
were  not  determined,  the  relationship  between  the  above-mentioned 
quantities  and  test  temperature  appears  to  be  of  the  exponential 
type. 


TEST  TEMPERATURE  (°F) 

Figure  9.  Critical  Fracture  Toughness  (Kpj)  as  a  Function 
Test  Temperature  for  Group  1  (X-200) 
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Figure  13.  Critical  Fracture  Toughness  (Kcj)  as  a  Function  of 
Tempering  Temperature  for  Group  2  (X-200) 
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Figure  14.  Mechanical  Properties  as  a  Function  of 

Tempering  Temperature  for  Group  2  (X-200) 
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Figure  16.  Fracture  Appearance  CP)  as  a  Function  of  Test 
Temperature  for  Group  3  (X-200) 
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Figure  17.  Net-Fracture  Stress  (C^)  as  a  Function  of  Test 
Temperature  for  Group  3  (X-200) 
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Figure  19.  Critical  Fracture  Toughness  (K^)  as  a  Function 
of  Test  Temperature  For  Group  1  (H-ll) 
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Figure  21.  Net-Fracture  Stress  COjj)  as  a  Function  of  Test 
Temperature  For  Group  1  (H-ll) 
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Figure  22.  Ratio  of  Net-Fracture  Stress -To-Yield  Strength  (<JN  /Oys) 
as  a  Function  of  Test  Temperature  For  Group  1  (H-ll) 
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Figure  24.  Mechanical  Properties  as  a  Function  of 

Tempering  Temperature  for  Group  2  (H-ll) 
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Figure  26.  Fracture  Appearance  CP)  as  a  Function  of  Test 
Temperature  for  Group  (H-ll) 
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Figure  27.  Net-Fracture  Stress  CCJN)  as  a  Function  of  Test 
Temperature  For  Group  3  (H-ll) 
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Figure  28.  Ratio  of  Net-Fracture  Stress -To -Yield  Strength 

(On  /Oys)  as  a  Function  of  Test  Temperature  for 
Group  3  (H-ll)  K 
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A.  Critical  Fracture  Toughness  as  a  Function  of  Test  Temperature. 

The  rather  negligible  difference  in  KcJ  values  associated 
with  Group  1  and  Group  3  specimens  of  X-200  (Figures  9-12  and 
15-18)  is  believed  to  reflect  the  superimposed  effects  of: 

(a)  a  relatively  low  tempering  temperature  for  both  groups, 
and  (b)  a  higher  than  recommended  austenitizing  temperature 
for  Group  3. 

If  the  tempering  temperature  had  been  the  recommended 
1000°f\  instead  of  800°F,  the  effect  of  grain  coarsening 
probably  would  have  been  more  apparent. 

Group  1  (H-ll)  specimens,  reflected  a  minimum  K  value 

' _ i  c3 

of  30,000  psi  VinT  at  -200°F  (Figures  19-22).  As  the  test 

temperature  was  increased,  the  values  of  KcJ  increased 

exponentially  to  a  maximum  of  approximately  220,000  psi  VTn? 

Group  3,  which  reflects  a  coarser  grain  size  than  that  of  Group 

1,  has  approximately  the  same  minimum  Kc3  value;  whereas,  the 

maximum  Kc3  value  for  Group  3  was  164,000  psi  VinT.  This 

decrease  of  approximately  25%  in  the  maximum  value  of  K  ,  is 

attributed  entirely  to  the  coarsened  grain  size  (Figures  25-28). 

B.  Fracture  Appearance  as  a  Function  of  Test  Temperature 

The  rather  negligible  difference  in  P  values  associated 
with  Group  1  and  Group  3  specimens  of  X-200  (Figures  9-12  and 
15-18)  can  be  explained  on  the  basis  of  the  two  reasons,  per¬ 
taining  to  the  same  steel,  advanced  in  ”A"  to  account  for  the 
effect  of  test  temperature  on  K 

c3 
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The  effect  of  test  temperature  on  P,  in  the  instance  of 
Group  1  (H-ll)  specimens  (Figure  20),  reflected,  as  mentioned 
earlier,  an  FATT  of  150°F.  As  the  temperature  decreased,  P 
appeared  to  decrease  exponentially  to  a  minimum  value  of  zero 
at  -200°F. 

The  coarsened  grain  size  of  Group  3  (H-ll)  specimens 
was  responsible  for  a  shift  in  the  FATT  such  that  it  exceeded 
the  test  temperature,  (Figure  26).  Accompanying  the  shift  in 
FATT  was  a  shift  in  the  value  P  =  zero  to  a  test  temperature 
of  -50°F. 

C.  Net  Section  Stress  as  a  Function  of  Test  Temperature 

The  rather  negligible  difference  in  (T  values  associated 

N 

with  Group  1  and  Group  3  specimens  of  X-200  (Figures  9-12  and 
15-18)  can  be  explained  on  the  basis  of  the  two  reasons,  per¬ 
taining  to  the  same  steel,  advanced  in  "A". 

The  distinction  between  0*N  values  associated  with  Group  1 
and  Group  3  specimens  of  H-ll  (Figures  19-22  and  25-28)  exists 
because  of  the  two  reasons,  pertaining  to  the  same  steel, 
advanced  in  "A". 

D.  The  Ratio  of  CJ,  va^-ues  associated  with  Groups  1  and  3 

(X-200)  specimens  is,  on  the  same  basis  as  that  employed  earlier, 
accounted  for  by  considering  the  combined  effects  of  tempering 
and  austenitizing  temperatures  (Figures  12  and  18).  The  some¬ 
what  more  pronounced  difference  in  (T  /  (Jvc  values  associated 
with  Group  1  and  Group  3  (H-ll)  specimens  is  attributed  solely 
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to  the  deleterious  effect  of  grain  size  on  fracture  tough¬ 
ness.  In  support  of  this  statement,  it  is  apparent  from 
Figures  22  and  28,  and  13  and  19  that  the  magnitude  of 
CJjj  /Oys  for  specimens  is  appreciably  larger  than 

CJN  /C7yg  f°r  X-200  specimens  over  the  entire  range  of  test 
temperatures  common  to  both.  At  the  test  temperature  of 
150°F  the  value  of  this  ratio  is  1.04-1.12  for  H-ll  specimens, 
but  only  0.60-0.65  for  X-200  specimens. 

Critical  Fracture  Toughness  as  a  Function  of  Tempering  Temper¬ 
ature 

The  relationship  between  Kc3  and  tempering  temperature 
for  Group  2  (X-200  and  H-ll)  specimens  is  shown  in  Figures  13 
and  23.  The  curves  are  quite  similar  and  exhibit  the  follow¬ 
ing  features:  (a)  relief  of  residual  stresses,  accompanied  by 
an  increase  in  from  400  -  600°F,  (b)  possibly,  precipi¬ 

tation  of  carbides  coherently  aligned  with  the  martensitic  ma¬ 
trix,  or  transformation  of  a  residual  quantity  of  retained 
austenite,  accompanied  by,  in  either  event,  a  decrease  in  the 

value  of  K  In  the  instance  of  X-200  specimens,  K  decreased 
c3  c3 

to  the  initial  minimum  value  observed  for  the  400°F  tempering 
temperature  while  KcJ  for  H-li  specimens  decreased  to  a  value 
almost  one-half  that  observed  for  the  same  tempering  tempera¬ 
ture.  These  changes  occurred  over  the  range  600  -  800°F.  (c) 

The  increase  in  extent  of  carbide  precipitation  and  ferrite 
formation  may  account  for  the  marked  increase  in  the  values  of 
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Kc  from  800  -  1000°F.  (d)  Agglomeration  of  carbides  and 

increase  in  mean-free  ferrite  path  probably  accounts  for  the 
precipitous  decrease  in  Kc3  from  1000  -  1200°F. 
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CONCLUSIONS 


1.  The  effect  of  tempering  temperature  on  Kc5  was,  in  the 
instance  of  X-200  steel,  essentially  constant  from  400 
to  800°F,  inclusive.  However,  from  900  to  1300°F, 
inclusive,  the  average  K  ^  value  was  observed  to  increase 
by  more  than  a  factor  of  two.  The  value  of  P=100  per  cent 
(FATT  =  T  )  corresponded  to  a  strength  level  commensurate 
with  1100°F  tempering  temperature.  The  effect  of  temper¬ 
ing  temperature  on  Kc5  was,  in  the  instance  of  H-ll  steel 
essentially  constant  from  400  to  900°F,  inclusive.  How¬ 
ever,  from  1000  to  1200°F,  inclusive,  the  average  value 
was  observed  to  increase  by  more  than  a  factor  of  two. 
Anomolously,  the  value  of  P  =  100  per  cent  also  corresponded 
to  a  strength  level  commensurate  with  a  1100°F  tempering 

temperature.  The  increase  in  K  values  for  both  X-200 

c3 

and  H-ll  steels,  is  attributed  to  the  increase  in  CT  /  CT 

N  ^YS 


from  (J  /(J  <  1.0  to  <3  /<J  1.0. 

N  'WYS  N  'WYS 

2.  On  the  basis  of  strength  level,  commensurate  with  the 
tempering  temperatures  employed,  H-ll  steel  was  notch 
ductile;  whereas,  X-200  steel  was  somewhat  less  than  notch 
ductile. 

3.  Increasing  ferrite  grain  size  was  shown  to  have  an  adverse 

effect  on  the  parameter  K  and  quantities  such  as  P, (J  . 

c3  N 

and  CJ  /  C7  •  As  ferrite  grain  size  increases,  FATT  is 

IN  lo 

displaced  in  the  direction  of  higher  temperatures. 
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Slow  crack  length  (in.) 

Initial  crack  length  from  center  line  (in.) 
Initial  saw  cut  from  center  line  (in.) 

Specimen  width  (in.) 

Specimen  thickness  (in.) 

Yield  strength  (psi) 

Net  fracture  stress  at  onset  of  unstable  crack 
propagation  (psi) 

Maximum  gross  section  stress  at  onset  of  unstable 
crack  propagation  (psi) 

Maximum  tensile  load  at  onset  of  unstable  crack 
propagation  (lb) 


P  :  Per  cent  shear 

K  :  Critical  fracture  toughness  parameter  (psi  in.) 

K  _  :  Critical  fracture  toughness  parameter  associated  with 
c  the  fracture-appearance  method  (psi  in.) 

q  -  :  Critical  stress  distribution  factor  associated  with 

"  fracture-appearance  method  (dimensionless) 

:  Room  temperature  (  F) 

FATT  :  Fracture  appearance  transition  temperature,  that  is, 
the  lowest  temperature  at  which  the  mode  of  fracture 
is  100  per  cent  shear  (°F) 
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Shear  Lip  Measurement  (Per  cent,  referred  to  specimen  width) 
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ERRATA 
Part  One 

1.  Page  2,  iteai  (5);  '•fracture  toughneaa  method"  should  be 
"fracture  appearance  Method". 

2.  Page  8|  "atereoacope"  ahould  be  "stereoscopic"* 

3*  Page  18;  "varrented"  should  be  "warranted". 

4.  Page  18;  "attendent"  should  be  "attendant". 

5.  Figure  6b  ahould  be  6a. 

Part  Two 

1.  Page  2;  "sheroidised"  should  be  "spheroidised". 

2.  Page  3;  "cryostat ic"  should  be  "cryostat". 

3.  Page  13;  laat  paragraph;  "htmp  to  the  vioinity"  should 
be  "huap  in  the  vicinity". 

APPENDIXES 

l.  Table  2;  "Metond"  ahould  be  "Method". 


